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Introduction
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• The United States’ Global Positioning System (GPS) has an estimated development 
and deployment cost of $33 billion and the annual operation cost of $1 billion

• Most localization schemes are based on trilateration – estimation of position based 
on range measurements

• Most commonly used trilateration scheme is Newton-Raphson (NR) Method

• This paper describes a new trilateration scheme that differs from NR scheme:

• The new Geometric Trilateration (GT) scheme is derived from Pythagoras Theorem, 
whereas the NR scheme is based on the principle of linear regression

• The NR method uses the absolute locations (xn, yn, zn) ’s of the GPS satellites as input to 
each step of the localization computation.  The GT method uses the Directional Cosines 
Ui’s from Earth’s center to the GPS satellite Si

• Both the NR and the GT method iterate to coverage to a solution.  In each iteration 
step, multiple matrix operations are performed.  The NR method constructs a different 
matrix in each iteration step.  The GT scheme uses the same matrix in each iteration, 
thus requiring computing the matrix only once fro all subsequent iterations
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Theory/Analysis: Newton-Raphson Method 
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Theory/Analysis: Geometric Trilateration Scheme
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Theory/Analysis: Major Error Sources
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• Navigation node errors model imperfection knowledge in the transmitting satellite 
locations and clock offset

• Receiver range estimation errors model uncorrected environmental effects such as

– Transmission medium delays, multipath (systematic bias, not considered in this paper)

– receiver noise (random error)
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Simulation and Performance: 
A Notional Mars Navigation Satellite System
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• Examples of human Mars exploration activities that would require positioning 
support

• Localizing discoveries and returning to sites

• Construction and assembling of structures and habitats

• Entry/descend/landing

• Approach/rendezvous/docking

• Mars ascent/orbit insertion

• Traditional deep space tracking methods are Earth-based, and are limited by the 
speed of light

• At Mars distance, the one-way-light-time (OWLT) is between 4 and 24 minutes

• During the final and critical phase of Mars approach when the spacecraft is about to 
enter the Martian atmosphere, the ground network would not be able to provide 
timely navigation updates to the spacecraft

• Earth-based tracking cannot cover Mars landing site when it is not in-view of Earth

• Traditional Doppler/ranging is “one-on-one”, and Delta DOR is “two-on-one”

• Number of orbiting and surface elements is in the order of 10+ or 10’s

• Traditional methods that require pairing one or two ground stations with one 
spacecraft for a period of time to generate tracking measurements becomes impractical
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Simulation and Performance: 
A Notional Mars Navigation Satellite System
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• Aerostationary orbiter 1 (Areo45): 162.5o due East

• Aerostationary orbiter 2 (Areo90): 207.5o due East

• Aerosynchronous orbiter (Areo68): 180o due East, 20o inclined

• Deep Space Habitat (Mars48hr): 180o due East,149.5o inclined
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System Concept – Problem Formulation (2 of 3)

Orbits of the Notional Mars Navigation Nodes (3-D View)
Utopia Planitia:   182.5

o
 due East, 46.7

o
 due North 

Aerostationary orbiter 1 (Areo45):  162.5
o
 due East 

Aerostationary orbiter 2 (Areo90):  207.5
o
 due East 

Aerosynchronous orbiter (Areo68): 180
o
 due East and 20

o
 inclined 

Deep Space Habitat (Mars48hr):  180
o
 due East, 149.5

o
 inclined 
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Simulation and Performance: 
Accuracy Comparison (10,000 runs)
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Simulation and Performance: 
Computation Comparison (10,000 runs)
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• NR Method takes 6 iterations (RMS) to coverage, whereas the GT scheme takes 36 
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Simulation and Performance: 
Observations

12
Pre-decisional information, for planning and discussion only



Concluding Remarks and Future Work
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• The NR and the GT schemes give identical accuracy performance

• The NR method converge faster than the GT scheme.  As a result, the overall 
computation time is shorter

• However the computation performance is measured with a random initial guess.  
For practical operation where the starting value is a recent prior position, the 
execution speed of the GT scheme is comparable to that of the NR method

• Other advantages of the GT scheme

– Might allow simpler hardware design due to the need of only one matrix inversion

– Same algorithm can be used for relative positioning

• Plan forward on Mars navigation satellites

– Design of navigation signaling scheme that enables fast integer-ambiguity –resolution 
for carrier phase tracking in the MRNSS environment (poor geometric dilution of 
precision)

– Examine the effect of dual and triple frequency receivers to improve the navigation 
performance at Mars

– Conduct a hardware-in-the-loop demonstration
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